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Summary
Background: Meiotic checkpoints ensure the production of
gametes with the correct complement and integrity of DNA;
in metazoans, these pathways sense errors and transduce
signals to trigger apoptosis to eliminate damaged germ cells.
The extent to which checkpoints monitor and safeguard
the genome differs between sexes and may contribute to the
high frequency of human female meiotic errors. In the C. ele-
gans female germline, DNA damage, chromosome asynapsis,
and/or unrepaired meiotic double-strand breaks (DSBs) acti-
vate checkpoints that induce apoptosis; conversely, male
germ cells do not undergo apoptosis.
Results:Herewe show that the recombination checkpoint is in
fact activated in male germ cells despite the lack of apoptosis.
The 9-1-1 complex and the phosphatidylinositol 3-kinase-
related protein kinase ATR, sensors of DNA damage, are
recruited to chromatin in the presence of unrepaired meiotic
DSBs in both female and male germlines. Furthermore, the
checkpoint kinase CHK-1 is phosphorylated and the p53
ortholog CEP-1 induces expression of BH3-only proapoptotic
proteins in germlines of both sexes under activating condi-
tions. The core cell death machinery is expressed in female
and male germlines; however, CED-3 caspase is not activated
in the male germline. Although apoptosis is not triggered,
checkpoint activation in males has functional consequences
for gamete quality, because there is reduced viability of
progeny sired by males with a checkpoint-activating defect
in the absence of checkpoint function.
Conclusions:We propose that the recombination checkpoint
functions in male germ cells to promote repair of meiotic
recombination intermediates, thereby improving the fidelity
of chromosome transmission in the absence of apoptosis.
Introduction
Eukaryotic organisms have surveillance mechanisms to
monitor the integrity of the genome. When problems are
encountered, such as DNA damage, these checkpoints halt
the cell cycle and activate repair proteins to fix the damage.
Alternatively, checkpoint activation can induce apoptosis to
cull damaged cells [1]. During meiosis, several checkpoints
function to ensure the fidelity of haploid gametes [2]. Some
checkpoints, including the DNA damage checkpoint and*Correspondence: jengebrecht@ucdavis.edu
3Present address: Department of Molecular and Cellular Biology, The
University of Arizona, Tucson, AZ 85721, USAa checkpoint to detect stalled replication, also function in
somatic cells. Additionally, in meiosis, checkpoints monitor
recombination progression and chromosomal synapsis,
features unique to meiotic prophase [2]. Failure in meiotic
checkpoint control can lead to inviable or defective progeny.
Studies in many organisms have revealed that checkpoints
comprise complex signaling networks, with different triggers
and outputs involving both distinct and overlapping sets of
components. Key factors of checkpoint pathways include
sensors to detect errors and damage, transducers to transmit
the signal, and effector proteins to elicit an appropriate biolog-
ical response. The PCNA-like 9-1-1 complex (Rad9-Rad1-
Hus1) is a sensor that localizes to chromatin in the presence
of DNA damage or in response to unrepaired recombination
intermediates [3, 4]. The checkpoint signal is transduced
through the phosphatidylinositol 3-kinase-related protein
kinases ATM (ataxia-telangiectasia mutated) and ATR (ataxia-
telangiectasia mutated and Rad3-related), which are thought
to sense and respond to different types of lesions [5]. ATR
and ATM amplify the checkpoint signal by phosphorylating
multiple downstream targets, including the serine/threonine
checkpoint kinases CHK1 and CHK2 [6]. Activation of CHK1
and CHK2 can delay cell-cycle progression through inhibition
of CDC25 or induce apoptotic removal of damaged cells via
the tumor suppressor p53 [7, 8].
In mammals, germline checkpoints appear to differ between
the sexes. For example, mutants that fail to complete meiotic
recombination (e.g., Dmc12/2, Msh42/2, or Msh52/2) are
sterile in both male and female mice [9–11]. However, whereas
mouse oocytes progress to the pachytene substage of meiotic
prophase I before being removed by apoptosis, spermato-
cytes are eliminated earlier at late zygotene/early pachytene
[11, 12]. Meiotic germ cells that never initiate recombination
(e.g., Spo112/2 mutants) are also removed by apoptosis,
which is triggered by a DNA damage-independent checkpoint
that appears to be regulated differently in the sexes [13, 14].
Finally, mutants defective in cell-cycle regulatory genes (e.g.,
Cdk22/2) also show sex-specific differences in checkpoint
responses; male gametes arrest in early prophase I, whereas
female gametes progress to later stages [15]. Together, these
phenotypes suggest that checkpoints are less stringent in the
female germline, a property that may partially explain the high
degree of meiotic defects associated with female meiosis in
humans [16].
The molecular basis underlying sex-specific differences in
checkpoint function in mammals is not known, in part because
of the greater technical difficulty in monitoring mammalian
female meiosis compared with male meiosis. To investigate
sex-specific checkpoint differences in a more tractable
system,we utilized the unique features of theC. elegans repro-
ductive system. C. elegans populations are composed
predominantly of self-fertilizing hermaphrodites (XX), which
as adults are genetically and structurally female, but males
(X0) arise spontaneously at a low frequency (w0.2%) through
chromosome nondisjunction. The germlines of both sexes
contain both mitotic and meiotic cells. In the distal most end
of the gonad, proliferating germ cells serve as a stem cell
population and are spatially separated from meiotic nuclei.
Figure 1. DNADamage, ChromosomeAsynapsis, and/or
UnrepairedMeiotic DSBs DoNot Induce Apoptosis in the
Male Germline
(A) Cartoon of hermaphrodite (left) andmale (right) germ-
lines. The distal end is capped by one (hermaphrodite) or
two (male) somatic distal tip cells and contains a stem
cell population of proliferating germ cells (small black
circles). Hermaphrodites produce sperm (small dark
gray circles) during larval stages and then switch to
oogenesis as adults. Germ cells move toward the prox-
imal gonad, where they enter meiotic prophase in the
transition zone (leptotene/zygotene; gray crescents)
and then progress through pachytene and diplotene
(gray circles). In the proximal gonad, germ cells are in
diakinesis and are packaged into oocytes (dark gray
oblongs). Apoptosis occurs during the pachytene stage
of oogenesis mainly in the gonad loop region (apoptosis
zone; circled gray cells). In the male gonad, germ cells
differentiate into spermatocytes (gray triangles) and
then sperm (small dark gray circles); no apoptosis
occurs.
(B) Number of apoptotic nuclei per gonad arm measured
by acridine orange (AO) staining 24 hr post L4 stage (and
24 hr post ionizing radiation [IR]). The number of germ-
lines scored for each genotype is in parenthesis. The
data shown are means 6 standard error of the mean
(SEM). Statistical comparisons between mutants and
wild-type were conducted by two-tailed Mann-Whitney
test, and all differed significantly (p < 0.001) except where
indicated by * (p > 0.05).
(C) TUNEL staining of wild-type and nuc-1 hermaphro-
dite and male germlines in the presence and absence
of IR. The gonads are outlined in white and show the
pachytene region. All panels are oriented with distal (*)
to the left. Arrowheads mark some of the white, TUNEL-
positive nuclei. Scale bars represent 20 mm.
See also Figure S1.
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stages of meiotic prophase are arranged in a spatiotemporal
gradient along the distal-proximal axis (Figure 1A).
Several checkpoints operate in the C. elegans female germ-
line. Proliferating germ cells respond to perturbations by elic-
iting checkpoint-dependent cell-cycle arrest [17]. In contrast,
when meiotic germ cells are damaged or encounter errors,
checkpoints trigger apoptosis [17, 18]. The checkpoint path-
ways that respond toDNAdamage and unrepaired recombina-
tion intermediates in female meiotic germ cells (Figure 2A) are
conserved and activate the core apoptotic machinery [17].
Additionally, chromosome asynapsis is sensed by a distinct
checkpoint that requires PCH-2 [18]; the PCH-2 signaling
pathway has not been elucidated. As in mammals, germline
checkpoint function appears to differ between the C. elegans
sexes. However, in this case, male germ cells do not induce
apoptosis in response to DNA damage or chromosomal asyn-
apsis [17, 19], raising the possibility that checkpoints may be
less stringent in the male germline.Here we investigated how the C. elegans
male germline responds to triggers that would
elicit DNA damage/recombination checkpoint-
induced apoptosis in the female germline. We
show that many checkpoint and apoptotic
proteins are expressed and activated in the
male germline in response to DNA damage
or meiotic errors. Furthermore, apoptosis in
male germ cells is blocked at the level of acti-
vation of the cell death machinery. Finally, wefind that although the male germline does not induce
apoptosis in response to problems, checkpoint signaling
nevertheless plays a critical role in gamete quality control,
likely by ensuring the production of sperm with the correct
genomic complement.
Results
DNA Damage, Chromosome Asynapsis, and/or Unrepaired
Double-Strand Breaks DoNot Induce Apoptosis in theMale
Germline
Some cells in the oogenic germline of adult hermaphrodites
undergo apoptosis under normal physiological conditions,
whereas no apoptosis occurs in the spermatogenic germline
of males [20]. Nuclei in the pachytene region of the adult
hermaphrodite germline respond to perturbations by increas-
ing the levels of apoptosis in a checkpoint-dependent manner
[17]. Both physiological [20] and checkpoint-activated [19]
apoptosis are dependent on oogenesis, and it has been
Figure 2. HUS-1::GFP and ATL-1 Localize to Chromatin following DNADamage, Chromosome Asynapsis, and/or UnrepairedMeiotic Double-Strand Breaks
in Hermaphrodite and Male Germlines
(A) Checkpoint signaling pathway in response to unrepaired recombination intermediates and IR-induced DSBs (modified from [26]).
(B) Fluorescence microscopy of pachytene nuclei expressing HUS-1::GFP(opIs34). Both hermaphrodite and male germ cells exhibit HUS1::GFP on chro-
matin under checkpoint-activating conditions. Young adult worms were examined 8 hr after irradiation (120 Gy). Mutant and RNAi-treated worms were
examined 24 hr post L4. Scale bars represent 5 mm.
(C) ATL-1 is recruited to chromatin following IR or in meiotic mutants. Images show immunolocalization of ATL-1 in fixed pachytene nuclei of adult worms
(24 hr post L4). Young adult wormswere examined 1 hr after IR treatment (120 Gy). Mutant and RNAi-treated wormswere examined 24 hr post L4. Scale bars
represent 5 mm.
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response to ionizing radiation (IR) [17]. To confirm that nuclei
in the male germline do not undergo DNA damage-induced
apoptosis, we examined wild-type hermaphrodite and male
germlines for apoptosis by acridine orange (AO) staining after
exposure to IR (120 Gy). As expected, radiation resulted in
increased levels of apoptosis in the hermaphrodite germline
compared to untreated worms (14.0 6 0.9 versus 2.5 6 0.3
apoptotic nuclei per gonad arm; p < 0.001) (Figure 1B). The
increased levels of apoptosis were checkpoint dependent,
because RNA interference (RNAi) knockdown of the check-
point kinase CHK-1 abrogated the IR-induced increase in
apoptosis (Figure 1B). Following exposure to radiation, no
apoptosis was observed in the male germline (Figure 1B). To
determine whether the male germline could induce apoptosisin response to errors in meiosis, we examined hermaphrodite
and male germlines for apoptosis in mutants with chromo-
somal asynapsis and/or unrepaired recombination inter-
mediates. SYP-1 is a central region component of the synapto-
nemal complex, and its loss results in asynapsis of all
chromosome pairs and defects in recombination progression,
activating both the recombination and synapsis checkpoint
[21]. RAD-51 is a DNA strand-exchange protein required for
repair of double-strand breaks (DSBs), and rad-51(RNAi)
results in a failure to repair breaks and activation of the recom-
bination checkpoint [22]. Both the syp-1(me17) mutation and
rad-51(RNAi) resulted in increased apoptosis (12.0 6 0.5 and
5.2 6 0.7 apoptotic nuclei per gonad arm, respectively) in the
hermaphrodite germline, but no apoptosis was detected in
the male germline (Figure 1B).
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possibility is that male germ cells undergo apoptosis but do
not stain with AO because of lack of engulfment. To address
this, we examined hermaphrodite and male germlines for
apoptosis by TUNEL labeling, which detects nuclei in the
early DNA fragmentation step of the apoptotic program [23].
Wild-type hermaphrodite germlines exposed to IR (120 Gy)
had more TUNEL-positive nuclei than untreated controls
(Figure 1C). No TUNEL-positive nuclei were detected in the
male germline (Figure 1C). We also examined hermaphrodite
and male germlines of nuc-1 mutants. NUC-1 is involved in
DNA degradation during apoptosis; nuc-1 mutants accumu-
late TUNEL-positive cells because they lack the major
nuclease responsible for elimination of fragmented DNA [24].
nuc-1 hermaphrodites had many more TUNEL-positive nuclei
after exposure to IR than untreated worms; however, no
TUNEL-positive nuclei were detected in untreated or IR-
exposed nuc-1 male germlines (Figure 1C). Thus, no detect-
able apoptosis is observed in the male germline in response
to DNA damage, chromosomal asynapsis, and/or unrepaired
recombination intermediates.
Despite the lack of germline apoptosis in male pachytene
cells, perturbation of S phase or exposure to IR resulted in
arrest of nuclei within the proliferative zone of the male germ-
line, as in hermaphrodites [17] (see Figure S1 available online),
suggesting that males are competent for checkpoint signaling.
The 9-1-1 Complex Protein HUS-1 Localizes as Distinct
Foci in Both the Hermaphrodite and Male Germline in the
Presence of DNA Damage and Unrepaired DSBs
To determine whether male meiotic germ cells sense DNA
damage or recombination errors, we examined hermaphrodite
and male germlines under physiological and checkpoint-acti-
vating conditions for the localization of HUS-1, a component
of the 9-1-1 DNA damage sensor complex, using worms
expressing HUS-1::GFP [3]. In untreated wild-type germlines,
HUS-1::GFP was diffusely localized in pachytene nuclei in
both hermaphrodites and males (Figure 2B). After exposure
to IR, HUS-1::GFP localized as distinct foci in pachytene nuclei
of both hermaphrodites andmales (Figure 2B). In syp-1(RNAi)-
treated worms, HUS-1::GFP foci were observed in both
hermaphrodite and male pachytene nuclei (Figure 2B).
HUS-1 localization was also examined in rad-51(RNAi) and
zim-2(RNAi) germlines. ZIM-2 is a zinc-finger protein that
binds to chromosomal pairing centers, mediates chromosome
pairing, and also plays a role in detection of chromosomal
asynapsis [25]. RNAi knockdown of ZIM-2 results in asynapsis
of chromosome V, causing defects in DSB repair and trig-
gering the recombination checkpoint without activating the
synapsis checkpoint. We observed HUS-1::GFP foci in pachy-
tene nuclei of both rad-51(RNAi) and zim-2(RNAi) hermaphro-
dite and male germlines (Figure 2B).
ATL-1 Is Recruited to Chromatin in Both Hermaphrodite
and Male Germlines following DNA Damage
or in the Presence of Unrepaired DSBs
Following irradiation or in the presence of persistent DSBs, the
checkpoint sensor ATR associates with chromatin to activate
downstream target proteins (Figure 2A) [5]. In the hermaphro-
dite germline, the ATR homolog ATL-1 is recruited to chro-
matin following treatment with IR or when repair of meiotic
DSBs is impaired [26]. To ascertain whether ATL-1 functions
as a checkpoint sensor in the male germline, we monitored
recruitment of ATL-1 by immunofluorescence after IR and inrecombination-defective mutants [rad-51(RNAi), syp-1(me17),
and zim-2(tm574)]. Following IR treatment, ATL-1 foci accu-
mulated in pachytene nuclei in both hermaphrodite and male
germlines (Figure 2C). ATL-1 foci were also detected in pachy-
tene nuclei of syp-1(me17) and zim-2(tm574) hermaphrodites
and males, and in worms depleted of RAD-51 (Figure 2C).
These data reveal that ATL-1 can sense DNA damage and
unrepaired recombination intermediates in the male germline
as it does in the hermaphrodite germline.
CHK-1 Is Phosphorylated in the Germline of Both Sexes
upon Checkpoint Activation
The DNA damage and unrepaired recombination checkpoint
signal is relayed through ATR-directed phosphorylation at
Ser345 of the checkpoint kinase CHK-1, which in turn activates
downstream effectors of the checkpoint signaling pathway
(Figure 2A) [6]. To determine whether CHK-1 is expressed in
the male germline, we performed immunofluorescence with
an antibody that recognizes the full-length protein. CHK-1
showed a nucleoplasm staining pattern in pachytene nuclei
of both hermaphrodites and males that was greatly reduced
in chk-1(RNAi)-treated worms (Figure 3A). To determine
whether CHK-1 is activated in response to DNA damage or
errors in meiosis, we examined the phosphorylation status
of CHK-1 in both hermaphrodite and male germlines with an
antibody against phospho-Ser345 of CHK-1 (PO4-CHK-1).
Faint PO4-CHK-1 foci were detected in untreated germlines
of both hermaphrodites and males (Figure 3B). Following IR
treatment and in the recombination-defective mutants syp-1
(me17) and zim-1(tm1813), PO4-CHK-1 localized as intense
foci in pachytene nuclei of hermaphrodites and males (Fig-
ure 3B). ZIM-1 is another zinc-finger protein that binds to
chromosome II and III pairing centers and mediates their pair-
ing; the zim-1(tm1813) mutant results in asynapsis of these
chromosomes, causing defects in DSB repair and triggering
the recombination checkpoint without activating the synapsis
checkpoint [25]. In both hermaphrodite and male chk-1(RNAi)
germlines, staining was largely eliminated (Figure 3B). CHK-1
phosphorylation following IR treatment and in the presence
of unrepaired meiotic DSBs [zim-2 (tm574)] was also con-
firmed by immunoblotting of hermaphrodite and male worm
extracts with the phospho-Ser345 CHK1 antibody (Figure 3C).
Taken together, these data indicate that CHK-1 is expressed in
the male germline and phosphorylated under checkpoint-acti-
vating conditions as it is in hermaphrodites.
CEP-1/p53 Is Expressed and Induces egl-1 Expression
in Response to DNA Damage and Unrepaired DSBs
in Both the Hermaphrodite and Male Germline
In the hermaphrodite germline, the CEP-1/p53 transcription
factor is required for germline apoptosis in response to DNA
damage, and in mammalian systems, p53 functions down-
stream of CHK1 [27, 28]. Previous analysis indicated that
CEP-1 is expressed in the proliferative zone of males [29]; to
determine whether CEP-1 is also expressed in the male germ-
line during meiotic prophase, we used a CEP-1-specific anti-
body. In the hermaphrodite germline, CEP-1 is found in nuclei
from late pachytene through the diplotene stage (Figure 4A)
[30]. CEP-1 also localizes to the nucleoplasm in late pachytene
nuclei of the male germline, and as expected, CEP-1 staining
was completely abrogated in cep-1(gk138) germlines (Fig-
ure 4A). No change in CEP-1 localization or staining intensity
was observed under checkpoint-activating conditions in either
hermaphrodite or male germlines (Figure S2A) [30].
Figure 3. CHK-1 Is Expressed and Phosphorylated in Hermaphrodite and Male Germlines
(A) Localization of CHK-1 using antibodies directed against full-length CHK-1 (red) in pachytene nuclei of wild-type and chk-1(RNAi) hermaphrodite andmale
germlines counterstained with DAPI (blue). Scale bars represent 5 mm.
(B) Localization of CHK-1 phosphorylated on serine 345 (PO4-CHK-1; green in merge) in fixed pachytene nuclei of young adult worms 6 hr after IR treatment
(120 Gy). Mutant and RNAi-treated worms were examined 24 hr post L4. Scale bars represent 5 mm.
(C) Hermaphrodite and male worm extracts were analyzed by immunoblotting with antibodies against PO4-CHK-1 (w60 kDa), and a-tubulin (w50 kDa) as
a loading control.
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BH3-only domain-containing protein EGL-1 is a transcriptional
target of CEP-1 [3]. We analyzed egl-1 expression in hermaph-
rodites and males by quantitative reverse transcriptase-poly-
merase chain reaction (qRT-PCR) from whole worm extracts
before and after exposure to IR (120 Gy). As previously
reported [3], the level of egl-1 transcript was increased in
hermaphrodites exposed to IR (Figure 4B). egl-1 steady-state
transcript levels were also increased in a cep-1-dependent
manner in males exposed to IR (Figure 4B). To determinewhether the transcriptional induction of egl-1 was occurring
in meiotic germ cells, we examined egl-1 transcript levels in
zim-1(tm1813) worms. zim-1 is expressed and functions
predominantly in the germline of adult worms [25, 31]. Further-
more, the checkpoint-triggering defect in zim-1 mutants is
specific to meiotic prophase, because the zim-1 mutation
did not elicit cell-cycle arrest in the proliferating region of
the germlines of either hermaphrodites or males (Figure S1).
egl-1 steady-state transcript levels were significantly in-
creased in both zim-1(tm1813) hermaphrodites and males
Figure 4. CEP-1 Is Expressed and Induces egl-1 Transcription in Response
to DNA Damage or Unrepaired Recombination Intermediates in Both
Hermaphrodite and Male Germlines
(A) Immunolocalization of CEP-1 (red) counterstained with DAPI (blue) in
pachytene nuclei from wild-type and cep-1(gk138) hermaphrodite and
male germlines. Scale bars represent 5 mm.
(B) egl-1 transcript levels are induced following DNA damage or in the pres-
ence of unrepaired meiotic DSBs in hermaphrodites and males. Relative
egl-1 transcript levels as determined by qRT-PCR following IR and/or in
mutant germlines are shown. RNA was extracted from wild-type and
cep-1 hermaphrodites and males 24 hr following treatment with IR (120 Gy)
and 24 hr post L4 for zim-1 hermaphrodites and males.
(C) Transcriptional induction of egl-1 in zim-1 hermaphrodite andmale germ
cells is dependent on cep-1 and chk-1. Relative mRNA levels were deter-
mined by qRT-PCR in zim-1 L4440, zim-1;cep-1(RNAi), and zim-1;chk-1
(RNAi) hermaphrodites (left) and males (right) 24 hr post L4. Data in (B)
and (C) are representative of three independent extractions and qRT-PCR
reactions; error bars indicate standard deviation of three individual replicas
of each sample.
See also Figure S2.
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is occurring in meiotic prophase germ cells (Figure 4B). To
determine whether egl-1 induction in the zim-1 mutant was
checkpoint dependent, we performed qRT-PCR with RNA
isolated from zim-1(tm1813);cep-1(RNAi) and zim-1(tm1813);
chk-1(RNAi) hermaphrodites and males. Steady-state egl-1RNA levels were greatly reduced in both zim-1(tm1813);
cep-1(RNAi) hermaphrodites and males relative to mock
RNAi-treated controls (zim-1 L4440) (Figure 4C). Induction of
egl-1 transcripts was reduced but not completely eliminated
in zim-1;chk-1(RNAi) hermaphrodites and males (Figure 4C).
RNAi feeding of chk-1was efficient, because chk-1 transcripts
were reduced relative to mock RNAi-treated worms (Fig-
ure S2B). In addition, ced-13, encoding a second C. elegans
BH3-only domain-containing protein and CEP-1/p53 target
[32], was induced in response to DNA damage and unrepaired
recombination intermediates in hermaphrodites and males
(Figure S2C). Taken together, these data suggest that both
DNA damage and unrepaired recombination intermediates
induce CEP-1-dependent transcription of BH3-only domain
proteins in the male germline.
The Apoptotic Machinery Is Expressed but CED-3 Caspase
Is Not Activated in the Male Germline
In C. elegans, EGL-1 activates apoptosis by binding the
antiapoptotic protein CED-9 (Bcl-2), causing a conformational
change and release of the protease activator CED-4 (Apaf-1)
from the mitochondrial membrane [33, 34]. Once released,
CED-4 translocates to the nuclear membrane and oligomer-
izes, bringing two CED-3 caspases into close proximity for
self-activation (Figure 5A) [34]. Because egl-1 is transcription-
ally induced in the male germline in response to DNA damage
and unrepaired recombination intermediates but no apoptosis
is observed, we examined the status of the core apoptotic
machinery in hermaphrodite and male germlines. To that
end, we monitored apoptosis in the ced-9(n1653) tempera-
ture-sensitive allele. At the permissive temperature (15C),
hermaphrodites had low levels of apoptosis by AO staining,
and no apoptotic nuclei were detected in male germlines
(Figure 5B). At the nonpermissive temperature (25C), the
number of apoptotic nuclei increased in hermaphrodite, but
not male, germlines (Figure 5B). This was also true under
checkpoint-activating conditions (IR, 120 Gy) (Figure 5B).
TUNEL labeling in nuc-1;ced-9(RNAi) germlines confirmed
these results: nuc-1;ced-9(RNAi) hermaphrodites had on
average two TUNEL-positive nuclei per gonad, but this
dramatically increased to greater than 14 TUNEL positive
nuclei per gonad following IR exposure; no TUNEL-positive
nuclei were detected in male nuc-1;ced-9(RNAi) germlines
exposed to IR (n = 9 gonads). These data suggest that
apoptosis is blocked in the male germline downstream of
CED-9.
We next examined germlines for expression and localization
of CED-4. In hermaphrodite germlines, CED-4 localized to the
nuclear periphery of meiotic prophase nuclei (Figure 5C) [35].
CED-4 was also expressed and localized to the nuclear
periphery of pachytene cells in male germlines (Figure 5C);
staining was absent in ced-4(RNAi) worms (Figure S3A). As
has been previously reported [35], we observed an occasional
nucleus with more intense staining in both hermaphrodite and
male germlines (Figure 5C, arrowheads).
SIR-2.1, a C. elegans member of the sirtuin family of NAD+-
dependent protein deacetylases, is required for DNA damage-
induced germline apoptosis [35]. SIR-2.1 translocates from the
nucleus to the cytoplasm, where it has been proposed to
interact with CED-4 to promote apoptosis [35]. SIR-2.1 was
observed in germ cell nuclei in both hermaphrodites andmales
(Figure 5C), but not in the sir-2.1(ok434) mutant (Figure S3B).
However, unlike in hermaphrodites, SIR-2.1 remained in all
male germ cell nuclei even in zim-1 mutants (Figure 5C).
Figure 5. The Proapoptotic Machinery Is Expressed in the Male Germline during Meiotic Prophase, but CED-3 Caspase Is Not Activated
(A) Pathway of germ cell apoptosis in C. elegans [53].
(B) CED-9 inactivation does not induce apoptosis in the male germline. Number of apoptotic nuclei per gonad arm measured by AO staining 24 hr post L4
stage (and 24 hr post IR) is indicated. The number of germlines scored for each genotype is in parenthesis. The data shown are means 6 SEM.
(C) CED-4 and SIR-2.1 are expressed in both hermaphrodite and male germlines, but no SIR-2.1 translocation occurs in male germ cells. Images show
immunolocalization of CED-4 (green) and SIR-2.1 (red) counterstainedwith DAPI (blue) in pachytene nuclei fromwild-type and zim-1(tm1813) hermaphrodite
and male germlines. Arrowheads point to nuclei with more intense CED-4 staining. Scale bars represent 5 mm.
(D) CED-3 is expressed in hermaphrodite and male germlines, but levels do not increase under checkpoint-activating conditions in the male germline.
Images show CED-3 immunolocalization (green) in pachytene nuclei stained with DAPI (blue) of adult worms (24 hr post L4). Arrowheads indicate apoptotic
nuclei that lack CED-3 staining presumably because they have proceeded to a later stage. Scale bars represent 5 mm.
(E) Males do not activate CED-3 caspase. Caspase activity was monitored by fluorescence microscopy following microinjection of SR-FLICA inhibitor in
hermaphrodite and male germlines of WT, zim-1(tm1813), and zim-1(tm1813);ced-3(RNAi)worms. Arrowheads indicate some of the caspase-positive cells.
Scale bars represent 10 mm.
See also Figure S3.
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nucleus in male germ cells.
Finally, we analyzed the expression and localization of the
cell death executor caspase CED-3. CED-3 was observed
around pachytene germ cell nuclei in both hermaphrodites
and males (Figure 5D). However, upon checkpoint activation
in syp-1(me17) and zim-1(tm1813) mutant hermaphrodites,
CED-3 foci were more intense (Figure 5D). Interestingly, we
noted that CED-3 foci did not localize around nuclei containing
the highly condensed chromatin characteristic of late-stage
apoptosis in syp-1(me17) and zim-1(tm1813) hermaphrodites
(Figure 5, arrowheads). In contrast to the hermaphrodite germ-
line, there was no noticeable change in the intensity or locali-
zation of CED-3 upon checkpoint activation in pachytene
nuclei of males (Figure 5D).
Caspases exist as proenzymes that become active upon
proteolytic cleavage. To qualitatively measure caspase
activity in the germline, we injected a cell-permeant fluores-
cent caspase inhibitor (SR-FLICA) into germlines of hermaph-
rodites and males. Active caspase covalently binds the FLICA
inhibitor, resulting in fluorescent cells [36], and is detected as
a fluorescent signal that encircles apoptotic nuclei. Although
very few fluorescent cells were found in wild-type hermaphro-
dite germlines (fluorescent cells were not detected in every
gonad), none were found in wild-type male germlines (n = 20;
Figure 5E). To examine caspase activity in response to check-
point signaling, we injected the fluorescent caspase inhibitor
into zim-1(tm1813) hermaphrodites and males. Caspase-
positive cells were detected in zim-1 hermaphrodite germ-
lines, and these were eliminated by treatment with ced-3
(RNAi) (Figure 5E). Caspase activity was not detected in
zim-1male germlines (n = 36; Figure 5E), suggesting that cas-
pase is not activated in the male germline.
The Recombination Checkpoint Functions in the Male
Germline to Enhance Gamete Quality When Meiosis
Is Impaired
Our analyses have revealed that both hermaphrodite andmale
germlines sense DNA damage and unrepaired meiotic breaks
and activate checkpoint signaling, but checkpoint activation
does not lead to apoptosis in the male germline as a result of
a block at the level of the cell death machinery. In hermaphro-
dites, a similar block to apoptosis under checkpoint-activating
conditions results in increasedmeiotic nondisjunction [18, 25],
implying that checkpoint-triggered apoptosis serves as a cull-
ing mechanism to eliminate germ cells with high levels of
unrepaired DSBs. Thus, one might anticipate that a conse-
quence of the lack of this culling mechanism in males would
be that sperm from mutants with checkpoint-activating
meiotic defects should cause a higher frequency of progeny
lethality than their oocyte counterparts. We tested this hypoth-
esis by evaluating the relative levels of progeny inviability
conferred by zim-2(tm574) and zim-1(tm1813) mutant sperm
and ova. Both hermaphrodite [25] and male zim-2 mutant
germcells have one asynapsed chromosomepair (FigureS4A),
and both exhibited checkpoint activation in our prior assays
(Figures 2B and 2C; Figure 3C). zim-1 mutant germ cells
have two asynapsed chromosome pairs [25] and also ex-
hibited checkpoint activation in hermaphrodites and males
(Figure 3B; Figures 4B and 4C). For these experiments, we
used the fog-2mutation to eliminate hermaphrodite spermato-
genesis, rendering XX animals female [37] so that the contribu-
tion of each parent to progeny lethality could be assessed
unambiguously. As expected, whenmeiosis was unperturbed,there was excellent progeny viability (WT: 0.66% inviable
progeny); conversely, when both parents were mutant for
either zim-2 or zim-1, progeny viability was significantly
impaired (zim-2: 34.7% inviable progeny; zim-1: 73.2%)
(Figure 6A). Contrary to the prediction of the above hypothesis,
when zim-2 or zim-1 sperm fertilized fog-2 oocytes, progeny
viability was significantly better (zim-2: 13.7% inviable
progeny; zim-1: 24.9%) than when zim-2;fog-2 or zim-1;fog-2
oocytes were fertilized by wild-type sperm (zim-2: 23.4% invi-
able progeny; zim-1: 47%) (Figure 6A), even though female
germ cells are culled by apoptosis but male germ cells are
not. Thus, the absence of germ cell culling by checkpoint-acti-
vated apoptosis in the male germline does not result in
reduced gamete quality relative to that of the female germline.
The relatively high viability of progeny sired by zim-2 and
zim-1 males suggested that checkpoint activation in males
may improve gamete quality. To test this hypothesis, wemoni-
tored the consequences of inactivating components of the
recombination checkpoint signaling pathway in zim-2 and
zim-1 males. As shown in Figure 6B, progeny viability was
significantly impaired when ATL-1 was depleted in zim-2
(tm574) and zim-1(tm1813)males (zim-2: 24.3% versus 10.3%
inviable progeny, p < 0.0001; zim-1: 43.8% versus 24.9% invi-
able progeny, p < 0.0001) but not in otherwise wild-type males
(atl-1: 3.1%versuswild-type: 1.9% inviable progeny). Similarly,
we found that progeny sired by atl-1(tm583)mutant males had
reduced viability that was exacerbated by RNAi depletion of
zim-2 or zim-1 (Figure S4B). We also examined viability of
progeny sired by 9-1-1 complex hus-1(op241) mutant males;
hus-1(op241) is a hypomorphic allele [3]. As with atl-1(tm583),
depletion of zim-2 and zim-1 by RNAi resulted in increased
progeny inviability in hus-1(op241) males (Figure S4B). In
contrast to atl-1 and hus-1, depletion of cep-1, which induces
the apoptotic pathway in the female germline, did not enhance
progeny inviability in the absence of zim-2 or zim-1, suggesting
that CEP-1 does not contribute to improved sperm quality
(Figure 6B). Thus, although checkpoint signaling does not
induce apoptosis in the male germline, the checkpoint does
play an important role in enhancing sperm quality, presumably
by helping to ensure that sperm have an appropriate and intact
DNA complement.
To determine whether the checkpoint facilitates repair of
DSBs, we monitored the appearance and disappearance of
RAD-51 foci in zim-1(tm1813) hermaphrodite and male
germlines in the presence and absence of the recombination
checkpoint. In zim-1 hermaphrodite germlines, there was an
apparent global increase in the number of DSBs as well as
a persistence of breaks into late stages of pachytene, as has
been observed in other chromosomal asynapsis mutants
[38], and this was not altered in the absence of the checkpoint
(Figure 6C). In contrast, males had on average more RAD-51
foci at earlier stages of meiotic prophase, and this was further
enhanced in the absence of the checkpoint (Figure 6C). We
also noticed that there were fewer crescent-shaped nuclei in
the transition zone in zim-1mutant males, but not in hermaph-
rodites, when ATL-1 was depleted (zim-1males: 30 6 7 nuclei
per gonad; zim-1;atl-1males: 186 3; p < 0.001). These results
suggest that the recombination checkpoint regulates DSB
repair and meiotic progression in the male germline.
Discussion
Our analyses of checkpoint signaling in the C. elegans
male germline revealed that the checkpoint and apoptotic
Figure 6. The Recombination Checkpoint Func-
tions in the Male Germline to Enhance Gamete
Quality When Meiosis Is Impaired
(A) Progeny sired by zim-2(tm574) or zim-1
(tm1813)males have better viability than progeny
derived from zim-2(tm574) or zim-1(tm1813)
females. Percentages of inviable progeny from
indicated crosses with fog-2(q71) females are
indicated. Each point represents an individual
mating; a minimum of 11 matings were analyzed
for each genotype. Progeny inviability from
crosses of WT males 3 zim-2 females compared
to zim-2males3WT females (p < 0.0005) andWT
males 3 zim-1 females compared to zim-1
males 3 WT females differed significantly (p <
0.0001) by Mann-Whitney test. Brood sizes
(means 6 SEM): WT = 417 6 25; WT males 3
zim-2 females = 312 6 27; zim-2 males 3 WT
females = 4526 37; zim-2 = 3036 45;WTmales3
zim-1 females = 253 6 33; zim-1 males 3 WT
females = 362 6 24; zim-1 = 214 6 17.
(B) Depletion of ATL-1 results in reduced viability
of progeny sired by zim-2(tm574) and zim-1
(tm1813)males. Percentages of inviable progeny
from crosses of indicated males to fog-2(q71)
females are indicated. Twelve matings were
analyzed for each genotype. Progeny inviability
from crosses of zim-2 males compared to zim-2;
atl-1(RNAi) males (p < 0.0005) and zim-1 males
compared to zim-1;atl-1(RNAi) males (p <
0.0001) differed significantly by Mann-Whitney
test. Brood sizes (means 6 SEM): zim-2;atl-1
(RNAi) males = 347 6 19; atl-1(RNAi) males =
340 6 16; zim-2;cep-1(RNAi) = 342 6 19; cep-1
(RNAi) = 358 6 15; zim-1;atl-1(RNAi) = 390 6 19.
(C) Assembly and removal of RAD-51 foci during
meiotic prophase progression. Quantification
of RAD-51 focus formation in zim-1(tm1813) and
zim-1(tm1813);atl-1(RNAi) hermaphrodites and
males is shown. Gonads were divided into
prophase substages and nuclei assigned to
each region on the basis of morphology and
location. Graphs display box-and-whisker plots
of focus numbers. x axis indicates meiotic
prophase stages: PZ, proliferative zone; TZ, tran-
sition zone; EP, early pachytene; MP, mid-pachy-
tene; LP, late pachytene. y axis indicates number
of RAD-51 foci per nucleus. Center horizontal line
of each box indicates the median measurements; lines extending above and below boxes indicate standard deviation. Number of nuclei observed: zim-1
(tm1813) hermaphrodites = 815; zim-1(tm1813);atl-1(RNAi) hermaphrodites = 1310; zim-1(tm1813) males = 1052; zim-1(tm1813);atl-1(RNAi) males = 761.
See also Figure S4.
Current Biology Vol 20 No 23
2086machinery are largely expressed and can be activated in
males, but no apoptosis occurs. Nonetheless, we have shown
that checkpoint activation is functionally important during
male meiosis. Males are apparently even more successful at
handling an asynapsed chromosome pair during meiosis
than are hermaphrodites, and improved success of chromo-
some transmission depends on the checkpoint machinery.
Thus, checkpoints appear to be more successful during sper-
matocyte meiosis than oocyte meiosis in ensuring the produc-
tion of haploid gametes with the correct complement of DNA.
Absence of Apoptosis in the Male Germline
Surprisingly, we found that the checkpoint signaling cascade
is activated and the core death machinery is expressed in
themale germline, although no apoptosis occurs. The absence
of apoptosis is likely because of the failure of the cell death
executor caspase CED-3 to be activated. This may be due to
direct inhibition of caspase, or indirect inhibition through othercomponents of the apoptoticmachinery, perhapsmediated by
the protein deacetylase SIR-2.1. The mechanism underlying
SIR-2.1 function in DNA damage-induced germline apoptosis
is unknown, although it correlates with translocation of SIR-
2.1 out of the nucleus [35]. We found that although SIR-2.1 is
expressed in male germline nuclei, it does not translocate.
It has been suggested that as SIR-2.1 translocates, it interacts
with CED-4 to promote apoptosis [35]; however, SIR-2.1 could
mediate apoptosis through interaction with other components
of the cell deathmachinery such asCED-3, a caspase inhibitor,
or other proteins. Nonetheless, CED-3 is not activated in the
male germline, because levels of CED-3 do not increase as in
hermaphrodites following checkpoint induction and no active
caspase activity was detected using a fluorescence inhibitor.
Regulation of caspase activity via inhibitors is a widely used
mechanism for controlling apoptosis [39]. Although there are
caspase inhibitors in C. elegans, none have been found that
are expressed in the male germline [40, 41]. Future work may
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death machinery in the C. elegans male germline.
Additional features of the male gonad might also contribute
to blocking apoptosis. Phagocytosis of apoptotic cells has
been shown to promote death [42, 43]. In hermaphrodite
germlines, apoptotic nuclei are rapidly phagocytosed by the
surrounding somatic sheath cells [20], which are not present
in males. However, the absence of sheath cells cannot alone
explain the lack of apoptosis, because fog-1, which has an
oogenic germline but a male soma and lacks sheath cells, is
competent for apoptosis [19, 20]. Germ cell apoptosis also
requiresMAP kinase (MAPK) activation [20, 44]. In adult males,
MPK-1 is expressed and activated in the distal germline but
absent from pachytene nuclei [45]. In hermaphrodites,
apoptosis can occur in the absence of MAPK signaling when
CED-9 is also inactivated [20]. Because inactivation of CED-9
in males did not result in apoptosis (Figure 5B), it is unlikely
that the absence of MPK-1 in the pachytene region of the
male germline in and of itself blocks apoptosis. Taking these
findings together, apoptosis in the male germline appears to
be prevented predominantly by inhibition of the cell death
machinery, with the lack of sheath cells and MAPK potentially
playing ancillary roles.
Proapoptotic Gene Expression and the Absence
of Apoptosis
DNA damage induces a checkpoint-dependent cell-cycle
arrest in germ cells of the proliferative zone in hermaphrodite
and male germlines [17] (Figure S1). Unlike the checkpoint
response in mammals, cell-cycle arrest in response to IR-
induced damage in C. elegans germ cells is not dependent
on CEP-1/p53 [27]. In meiotic germ cells, DNA damage and
meiotic errors induce the CEP-1-dependent transcription of
the proapoptotic gene egl-1 (this study, [3]). Interestingly,
egl-1 is also expressed in proliferating nuclei in response to
IR, even though these nuclei are not competent for apoptosis
[3, 17]. Similarly to cep-1, cell-cycle arrest is not dependent on
egl-1 [46]. Why is cep-1 activated and egl-1 transcriptionally
induced in the proliferative zone and in male germlines when
no apoptosis occurs? One possibility is that checkpoint acti-
vation does not discriminate between downstream effectors
of the signaling pathway, and thus activation signals through
cep-1 and induces expression of proapoptotic genes even
when apoptosis is blocked. Alternatively, these proteins may
have additional roles in the germline. In support of this, a recent
study found that meiotic recombination normally induces p53
activation in Drosophila [47].
The Role of Checkpoint Signaling in the Male Germline
We have shown that checkpoint pathway components are
recruited to chromatin in response to DNA damage or pertur-
bations in meiosis in the male germline. Even though male
germ cells are not eliminated through apoptosis when check-
points are activated, checkpoint proteins nevertheless play an
important role in promoting gamete success. This was directly
demonstrated by the fact that abrogation of checkpoint func-
tion significantly elevates the frequency of inviable progeny
sired by males with a checkpoint-activating defect in meiotic
chromosome synapsis. How does checkpoint activation in
the male germline improve reproductive success? Apoptosis
is only one potential output of checkpoint signaling; in addi-
tion, checkpoint pathways can control the cell cycle and/or
activate repair pathways. We observed no difference in the
overall duration of male meiotic prophase in the presence ofcheckpoint activation, suggesting that the checkpoint does
not induce arrest (unpublished data) [17], although fewer cres-
cent-shaped nuclei were observed in the transition zone in the
absence of the checkpoint. The more abundant and earlier
appearance of RAD-51 foci suggests that the recombination
checkpoint plays a role in enhancing the efficiency of DNA
repair. This could potentially involve transcriptional upregula-
tion and activation of genes whose products are involved in
DNA repair, as occurs in yeast and mammalian cells [1, 48].
Alternatively, or in addition, enhancement of repair could
involve more efficient recruitment of repair proteins to sites
where their activities are needed. The end result would be to
minimize the likelihood of unrepaired breaks being present in
gametes and transmitted to progeny, consequently impairing
progeny viability.
In the course of our experiments, we discovered that male
spermatocytes are actually more successful than oocytes at
handling the consequences of an asynapsed chromosome
pair (or pairs). This likely reflects the operation of amechanism
for segregation of achiasmate chromosomes that may be
absent or ineffectual in oocyte meiosis. Achiasmate segrega-
tion mechanisms are well established in Drosophila, and there
is also evidence for such mechanisms in yeast and other
eukaryotes [49, 50]. Sex differences in the ability to segregate
achiasmate chromosomes may be attributable to males
having a constitutively asynaptic X chromosome, differences
in the organization of chromosomes within nuclei at the
end of meiotic prophase [51], and/or differences in the
organization and assembly of meiotic spindles [52]. An ability
of spermatocytes to correctly segregate an achiasmate chro-
mosome pair may act in parallel with enhanced efficiency of
repair in response to checkpoint activation to minimize the
consequences of meiotic prophase errors during spermato-
genesis. Alternatively, rather than representing two distinct
quality control mechanisms, it is possible that checkpoint
activation might itself induce the achiasmate segregation
mechanism.Concluding Remarks
We have shown that checkpoints operate in distinct ways in
the C. elegans female and male germlines: in the case of
oogenesis, by using apoptosis to prevent defective germ cells
from becoming gametes, and in the case of spermatogenesis,
by improving the quality of the gametes produced. Our find-
ings emphasize the fact that even within a single species,
diverse quality control strategies can be used to achieve
the same end, i.e., ensuring the faithful transmission of the
genome from generation to generation.Experimental Procedures
Standard methods were used for worm genetics, RNAi, quantification of
germline apoptosis, immunostaining, and quantitative RT-PCR. Detailed
methods are provided in Supplemental Experimental Procedures.
Caspase Assay
Adult worms 16 hr post L4 larval stage were microinjected with a 303
dilution of sulforhodamine-fluorescent-labeled inhibitor of caspases (SR-
FLICA) polycaspase reagent (ImmunoChemistry Technologies). Immedi-
ately following injection, wormswere recovered inM9 buffer and transferred
to a fresh NGM plate and incubated in the dark for 1 hr. Worms were
mounted under coverslips in M9 buffer on 3% agarose pads containing
0.2 mM tetramisole. Caspase activity was determined by fluorescence
microscopy and differential interference contrast with a Zeiss Axioskop 2.
A minimum of 20 gonads were examined for each genotype.
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